The morphological, ecological, and clinical diversity among ascomycete fungi that are pathogenic to humans suggest that the potential for pathogenicity may have arisen multiple times within these higher fungi. We have obtained 18s ribosomal DNA sequences from a diverse group of human pathogenic fungi in order to determine their evolutionary origins. The fungi studied include a skin pathogen that is confined to humans (Trichophyton rubrum) and three systemic, facultative parasites that cause histoplasmosis (Histoplasma capsulatum), blastomycosis (Blastomyces dermatitidis) and coccidioidomycosis (Coccidioides immitis) in humans and other higher animals. Also included in our analysis are representatives of nonpathogenic fungi, as well as two opportunistic pathogens, Pneumocystis carinii and Candida albicans, that cause severe disease in immunocompromised individuals, especially those with AIDS. Two of the fungi we sequenced, T. rubrum and C. immitis, are limited to asexual modes of reproduction and therefore lack the sexual structures that are most useful for evolutionary comparison as well as being essential for classification among the higher fungi. Coccidioides immitis is particularly problematic owing to its contradictory and confusing asexual morphologies, which have caused it to be placed in three fungal classes and the protista. Our analysis shows that the specialized, superficial parasite and the systemic, facultative parasites, including C. immitis, are closely related ascomycetes, which clearly demonstrates the power of molecular characters to compensate for missing or confusing reproductive morphology. Analysis also shows that the opportunistic pathogens are more distantly related, with the likely explanation that pathogenicity has arisen more than once within the Ascomycetes.
Introduction
Fungi are the cause of several life-threatening diseases in humans, including pneumonia, septicemia, and skin and systemic disease (Rippon 1988, pp. 2 and 154-797) . Immunocompromised individuals are especially susceptible (Galgiani and Ampel 1990; Wheat et al. 1990 ). Human pathogenic fungi are a diverse group morphologically, ecologically, and clinically (Rippon 1988, pp. 4 and 154-797) , which suggests that the potential for pathogenicity may have arisen multiple times. To examine the origins of pathogenicity, it is necessary to determine the evolutionary relationships of pathogens to each other and to other fungi.
Fungal phylogenetics has been well served by morphological comparison, particularly of sexual reproductive structures. Where sexual morphology is lacking, evolutionary analysis has been more difficult. Morphological analysis of asexual fungi is 1. Key words: molecular evolution, 18s ribosomal RNA, pathogenic fungi, ascomycete, medical mycology.
lead to a unified, phylogenetically based classification system that embraces both sexual and asexual fungi.
Material and Methods
Histoplasma capsulatum ( ATCC 11408) Blastomyces dermatitidis (ATCC 26 199) and Coccidioides immitis (ATCC 28868) were obtained from the American Type Culture Collection ( ATCC) and grown in culture. DNAs were extracted according to a method described elsewhere , using BL-3 precautions. Trichophyton rubrum DNA (IF0 9 185) was a gift of G. Apodaca and J. Sakanari. Nearly full-length 18s rDNAs were amplified using the polymerase chain reaction (PCR) with primers NS 1 (White et al. 1990 ) and NS24 (Bowman et al. 1992 ) , one of which was biotinylated in each of two reciprocal reactions. Single-stranded DNA for direct sequencing was obtained using the streptavidin agarose capture method of Mitchell and Merrill ( 1989) , as revised in our laboratory (Bowman et al. 1992; Gargas and Taylor 1992 ) . This procedure yielded sufficient ssDNA for four or five direct sequencing reactions from each loo-p1 PCR amplification. Single-stranded DNAs were sequenced with multiple internal primers by using a standard Sequenase protocol (U.S. Biochemical), except that labeling mix was diluted l/20. For the four sequences presented, data were obtained for both strands of the DNA at 92%-96% of the positions; for the remaining 4%-8% of positions, sequences presented are based on information from only one strand. Sequences from the primer regions are not included in figures or analysis.
Sequences were aligned by hand, using the Eyeball Sequence Editor (ESEE 1.09) (Cabot and Beckenbach1989): Positions that were not alignable on the basis of primary structure were excluded from evolutionary analyses, Parsimony trees were drawn using the exhaustive search option on PAUP 3.Oq (Swofford 1990 ), on the basis of 167 phylogenetically informative sequence positions (PI sites). Of these, 144 PI sites were from sequence positions alignable in all species, and 23 were from sequence positions alignable in subsets of the species. (Unaligned sequences at these positions were coded as "no data.") One PI site contained a T in the four new pathogen sequences and a single-base deletion in all the other fungi; no other PI site contained or was bounded by a deletion. All positions in figure 1 were included in parsimony analyses. Bootstrap analyses used the branch-and-bound option of PAUP 3.Oq (Swofford 1990) , with 1,000 repeat samplings of the data. The distance tree was drawn using NJTREE (Jin and Ferguson 1990) , on the basis of 335 variable sequence positions within the 1,565 positions alignable in all 10 species. Positions where one or more species contained a length mutation were not included in distance analyses. Pairwise substitutions were uncorrected, the maximum difference being 190, or 12.1%, between Neurospora crassa and Chytridium confervae (table 1) .
Results
For each pathogen, 1,7 13 bases of 18s rDNA sequence were obtained, spanning the length between the amplification primers and thus excluding an estimated 38 and 49 bases, respectively, at the 5' and 3' ends of the 18s molecule. Our sequence for Coccidioides immitis differs from the unpublished sequence submitted to GenBank (COIDA), which has a T at our position 483 (C) and a single C (rather than two) at our positions 1134-1135. Our sequence has been reverified on original gels. Our Blastomyces dermatitidis sequence differs from the unpublished sequence submitted to GenBank (BLODA) in that we have resolved two bases that were ambiguous. 
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Phylogeny
The evolutionary tree in figure 2A was constructed on the basis of the principle of maximum parsimony (Camin and Sokal 1965 ) , using PAUP 3.Oq (Swofford 1990 ). This tree was the single most parsimonious solution, with a length of 330, on the basis of 167 phylogenetically informative sequence positions. Because of autapomorphies (unique substitutions) within the phylogenetically informative sites, the minimum possible length would be 222. There are an additional 2 11 uniquely derived characters within the sequence positions alignable in all 10 taxa. This tree has a consistency index of 0.673, with a retention index of 0.684 (Farris 1989) . The flagellated fungus Chytridium con&we serves as an outgroup to the higher fungal classes Ascomycetes and Basidiomycetes (Bowman et al. 1992) . Branch lengths in figure 2A are not proportional to the inferred number of substitutions, because, for 23 of the sequence positions in the analysis, one or more sequences were unalignable and could not be included. This would cause the number of substitutions on these branches to be underestimated.
The most parsimonious tree indicates that the systemic and skin pathogens, including the two asexual species, are closest relatives. The asexual fungi Coccidioides immitis and Trichophyton rubrum can now confidently be placed in the class Ascomycetes, represented in our study by the bread mold Neurospora crassa. Among the facultative pathogens, Histoplasma capsulatum and B. dermatitidis are closest relatives; these are the two species that share the single genus name "Ajellomyces" in their sexual states. The specialized skin pathogen T. rubrum branches outside the three facultative pathogens.
The opportunistic infectious agents Candida albicans and Pneumocystis carinii, however, are not closely related to the other pathogens. Cundida represents an early branch within the Ascomycetes, and its closest relative among the species studied is the yeast Saccharomyces cerevisiae. A similar affinity was reported by Hendriks et al. ( 1989) and Barns et al. ( 1991) . An even earlier branch is represented by the AIDS opportunistic fungus P. curinii (Edman et al. 1988 ), which is not closely related to Candida albicans or to the other pathogens in the present study.
The exhaustive search option of PAUP 3.Oq includes a measure of the skewness of the distribution of all tree lengths, to help determine whether there is phylogenetic information or mainly noise in the data set. If the statistic gl is strongly negative, indicating a left skewing of the tree distribution (a small number of trees are significantly better than the rest), then there is a high degree of confidence that the true tree falls near the most parsimonious tree in the distribution (Hillis 199 1; Hillis and Huelsenbeck 1992) . Our tree length distribution was highly left skewed, with a gl of -0.64, greatly exceeding the critical value for significance at the 99% level (-0.33 for 10 taxa with 100 PI sites, -0.27 with 250 PI sites) (Hillis 199 1). Such a distribution demonstrates a highly structured data set with a large degree of internal consistency that is not offset by noise. fig. 1 were aligned with the 18s rDNA sequences from one basidiomycete (Spongipelks unicolor, GenBank M59760) two ascomycetes (Neurospora crassa, NEURRNAS; and Saccharomyces cerevisiae, YSCRGEA), one chytridiomycete (Chytridium confervae, M59758), and two opportunistic pathogens (Candida albicans, EMBL CAL16S; and Pneumocystis carinii, GenBank PMCl6SRRl). The 10 sequences were alignable at the 1,565 positions underlined in fig. 1 . (Alignment will be supplied on request.) Additional positions were included in parsimony calculations when they were alignable for a subset of the sequences. All positions in fig. I were included in parsimony analyses. A, Tree based on the principle of maximum parsimony (Camin and Sokal 1965) employing the computer program PAUP 3.Oq (phylogenetic analysis using parsimony) (Swofford 1990) . Numbers above the internal branches were determined using the bootstrapping option of PAUP, these indicate the robustness of the branching order, by showing the percentage (rounded to the nearest whole number) oftimes, that each group was monophyletic in 1,000 repeat subsamplings of the data, Numbers >95 define a branch strongly supported by the data. The tree is based on 134 phylogenetically informative positions in the sequence areas alignable in 18s rDNAs from all 10 species, with the addition of 23 phylogenetically informative positions alignable only in a subset of the species. These include positions 36, 200, 455, and 1017, omitting species with insertions or deletions; at other positions the species shown in parentheses were omitted: 62 1 (Saccharomyces cerevisiae and Chytridium confervae); 627 (Candida albicans, Saccharomyces cerevisiae, Pneumocystis carinii, and Candida albicans); 633 (Pneumocystis carinii); 639, 642, 645, 647, 648, and 650 (Saccharomyces cerevisiae); 662 and 665 (Candida albicans. Saccharomyces cerevisiae, Spongipellis unicolor, and Chytridium confervae); 673, 678, 684,689, and 670 (Candida albicans and Saccharomyces cerevisiae); and 13 15, 13 17, and 1323 (Candida albicans, Saccharomyces cerevisiae, Pneumocystis carinii, Spongipellis unicolor, and Chytridium confervae). This tree shows the order of branching only. Because the above 23 phylogenetically informative sites could not be coded for the taxa whose sequences were unalignable, the number of substitutions per branch would not accurately reflect the relative branch lengths. B, Tree based on the genetic distances among species and drawn using the neighbor-joining (Saitou and Nei 1987) algorithm, employing the computer program NJTREE (Jin and Ferguson 1990) , based on the pairwise substitutions in table 1. Of the 1,565 sequence positions alignable in all 10 taxa, 335 showed at least one substitution. The figure on each branch shows the number of DNA substitutions inferred to have been fixed on that branch. This tree has the same branching order as the tree in panel A. 899
Examining trees near the most parsimonious tree in length may show which branching orders are most vulnerable to change. Following the 330-step most parsimonious tree shown in figure 1 are two trees of length 333; these differ from the most parsimonious tree in reversing the branching order of T. rubrum and Coccidioides immitis or in making them sister groups. In a single tree of length 334 P. carinii forms the sister group to the Candida/Saccharomyces branch, and, in the next tree (336)
Candida/Saccharomyces branches off before P. carinii. The relationships within the group of new pathogen sequences are defined by only 13 PI sites. Of these, 11 support the unity of H. capsulatum and B. dermatitidis. It costs eight additional mutations to place Coccidioides immitis as the sister group to H. capsulatum or to make the basidiomycete Spongipellis unicolor branch inside P. carinii.
To determine whether the branching order in figure 2 is strongly supported, we evaluated the tree by using the bootstrapping algorithm of PAUP 3.Oq (Swofford 1990) . The percentage of trees in which a given branch was monophyletic is shown by the number above the tree's stem in figure 2A . Branches that are monophyletic in 295% of the 1,000 trials are considered strongly supported, so long as the number of informative positions is greater than three ( Felsenstein 1985 ) . For example, 11 positions support-and only two oppose-the association of H. capsulatum and B. dermatitidis, to the exclusion of Coccidioides immitis and T. rubrum. The branch uniting the three systemic pathogens and the skin pathogen appeared in all 1,000 bootstrap replications. The close relationship of H. capsulatum and B. dermatitidis was also strongly supported (998 replications), though the specific branching order of Coccidioides immitis and T. rubrum was not ( 824 replications). Also strongly supported are both the placement of all four of these pathogens in the class Ascomycetes (as specific relatives of the bread mold N. crassa; 966 replications) and the relationship between the yeast Saccharomyces cerevisiae and the yeastlike pathogen Candida albicans (999 replications). The association of P. carinii with the ascomycetes was supported by 937 of the 1,000 replications. This is slightly short of the level needed for confidence in the association. Because it seems likely that P. carinii will be found to belong in the Ascomycetes, we assume this for simplicity in this discussion. This assumption does not affect our conclusions.
For a second verification of the branching order, we used a genetic distancederived "neighbor-joining" algorithm (Saitou and Nei 1987) to redraw the tree ( fig.  2B ), on the basis of 335 variable positions among the 1565 DNA sequence positions unambiguously alignable in all 10 species. The pairwise distance matrix is given in table 1. The branching order of this tree was identical to that determined by parsimony. Branch lengths in figure 2B illustrate the relative genetic distances among the fungi.
Molecular Evolution
Base compositions do not vary appreciably among the 18s sequences of these 10 fungi. Each of the four new pathogen sequences has a G+C content of 49%. Within the comparable region of sequence, the remaining ascomycetes had slightly lower G+C content: N. crassa, 48%; Candida albicans, 46%; and Saccharomyces cerevisiae and P. carinii, each 45%. The basidiomycete Spongipellis unicolor was within this range, with a G+C content of 47%, and the chytrid Chytridium confewae had the lowest, at 44%.
Of the 1,565 sequence positions aligned in all 10 species, 335, or 21%, contained one or more substitutions. Of these, 54 contained a substitution only in the branch leading to the outgroup; thus, within the higher fungi, only 28 1 positions ( 18%) were variable. Among the four newly sequenced pathogens, only 22 positions ( 1.4%) contained substitutions.
In a tree-based analysis, transition substitutions outnumbered transversions by a factor of 1.9. Within the higher fungi (when the outgroup Chytridium confervae is excluded), the ratio of transitions to transversions increased to 2.3, and within the four newly sequenced pathogens, transitions were 3.7 times as numerous as transversions. This would suggest that transition mutations have outnumbered transversions but have been obscured increasingly over time by additional transitions, while transversions are less likely to have been obscured by subsequent transversions (Brown et al. 1982) .
The two closest relatives, H. capsulatum and B. dermatitidis, differ at only 12 positions within the 1,7 13 bases sequenced. They differ from Coccidioides immitis by 35 and 33 substitutions, respectively, and these three differ from T. rubrum by 47-50 substitutions. There are no length mutations among these four sequences. The deepest divergence among the pathogens in this study is between P. carinii and the remaining Ascomycetes. Pneumocystis carinii differs from H. capsulatum, for example, by 186 substitutions and 11 insertions/deletions (indels) . To put these differences into perspective, the H. capsulatum/B. dermatitidis distance is roughly comparable to that between the 18s sequences of two species of the red alga Gracilaria ( 18 substitutions within 1,77 1 aligned sequence positions), between human and mouse ( 13 substitutions and 5 indels within 1,87 1 aligned positions), or between rat and mouse (7 substitutions and 5 indels within 1,860 positions). The greatest number of substitutions among the four systemic and skin pathogen sequences is 50, about */3 of the number between the human sequence and that of the frog Xenopus laevis (75 substitutions and 8 indels within 1,8 13 alignable positions). The maximum number of substitutions among the new pathogens is also less than that observed in a deep divergence between two dicotyledenous plants, represented by Arabidopsis and soybean (62 substitutions and 9 indels within 1,8 10 positions), or between rice, a monocot, and soybean (86 substitutions and 9 indels in 1,8 14 positions). The deepest pathogen divergence observed here, that between P. carinii and the rest of the Ascomycetes, has resulted in about half as many substitutions as are observed between a green plant (soybean) and a red algal protist (Gracilaria), which is an outgroup to the plant/fungal divergence (357 substitutions and 27 indels within 1,763 aligned positions.)
Discussion
Our analysis of these 18s rDNA sequences shows conclusively that the four systemic and skin pathogens are close relatives, compared with Neurospora, yeast, and the opportunistic pathogens. In addition, their relationship to the bread mold ZV. crassa, to the exclusion of the two opportunistic pathogens, is strongly supported. Equally strong is the relationship of the opportunistic pathogen Candida to the common yeast Saccharomyces, to the exclusion of Pneumocystis. Thus the parasitic habit must have been acquired independently at least three times among the ascomycete pathogens. Formally, multiple losses-or gains and losses-could also account for this pattern. However, the common ancestor of the Ascomycetes certainly predates the origin of humans and probably predates the origin of mammals, so this hypothesis is unlikely. The four closely related pathogens could be descendants of a single pathogenic lineage, which could have originated during the existence of mammals. In order to resolve this question, we will compare their sequences with those of possible close fungal relatives that are not pathogens.
This study also demonstrates the ability of DNA sequence analysis to place asexual fungi among their sexual relatives, with a high degree of confidence. Coccidioides immitis is certainly an ascomycete, as suggested by its asexual arthrospores (arthroconidia) (Sigler and Carmichael 1976 
